Cilia are found on most human cells and exist as motile cilia or non-motile primary cilia. primary cilia play sensory roles in transducing various extracellular signals, and defective ciliary functions are involved in a wide range of human diseases. Centrosomes are the principal microtubule-organizing centers of animal cells and contain two centrioles. We observed that DNA damage causes centriole splitting in non-transformed human cells, with isolated centrioles carrying the mother centriole markers Cep170 and ninein but not kizuna or cenexin. Loss of centriole cohesion through siRNA depletion of C-NAp1 or rootletin increased radiation-induced centriole splitting, with C-NAp1-depleted isolated centrioles losing mother markers. As the mother centriole forms the basal body in primary cilia, we tested whether centriole splitting affected ciliogenesis. While irradiated cells formed apparently normal primary cilia, most cilia arose from centriolar clusters, not from isolated centrioles. Furthermore, C-NAp1 or rootletin knockdown reduced primary cilium formation. therefore, the centriole cohesion apparatus at the proximal end of centrioles may provide a target that can affect primary cilium formation as part of the DNA damage response.
Introduction
The structures that form the mitotic spindle poles in animal somatic cells, the centrosomes, consist of two cylindrical microtubule assemblies, the centrioles, arranged at right angles to one another and embedded in the pericentriolar material (PCM) (reviewed in ref. 1) . Centrioles lose their orthogonal arrangement when they disengage late in mitosis prior to their duplication, 2 which occurs predominantly in S phase. Once they disengage, each acts as a "mother," nucleating a procentriole to serve as the foundation of a daughter centriole. The daughter centrioles lengthen and mature during G 2 phase. 3 Importantly, the mother centrioles remain tethered to one another until late G 2 phase (reviewed in refs. 4 and 5) .
Centrosome abnormalities and amplification are frequently observed in tumor cells, with aneuploidy and chromosomal instability being closely correlated with excess centrosomes. 6 One cause of centrosome amplification is DNA damage. 7 Centrioles normally disengage prior to duplication in a process that is controlled by separase and Plk1, 8 but premature centriole splitting/ disengagement has been observed after ionizing radiation (IR) in various human cell types and after incomplete DNA replication in rodent cells. 9, 10 The mechanism that allows centriole disengagement and overduplication after DNA damage is not yet clear, although one target of the normal centriole disengagement process is the cohesin component, Scc1. 11 During the normal cell cycle, centrosome separation in late G 2 involves the regulated removal of the physical linkage that tethers the duplicated centrosomes together. 3, 12, 13 Maintaining this centrosome cohesion is rootletin, which interacts with the large coiled-coil protein, C-NAP1, to connect parental centrioles. 14, 15 C-NAP1 phosphorylation by NEK2 kinase leads to its dissociation from centrioles, the loss of rootletin and centrosome separation. [15] [16] [17] [18] Furthermore, RNAi depletion of either C-NAP1 or rootletin causes centrosomes to separate. 14 Another target of NEK2 is β-catenin, a mitotically stabilized form of which mediates centrosome separation. 19 NEK2 overexpression or protein phosphatase 1α (PP1α) inhibition drives centrosome splitting, 18, 20 while ATM-mediated activation of PP1α to oppose NEK2 activity inhibits centrosome separation after by IR-induced DNA damage. 21 Serving another role at the plasma membrane, the mother centriole can serve as the basal body from which a primary cilium forms (reviewed in refs. 22 and 23) . Cilia are found on most human cells and exist as motile cilia or non-motile primary cilia. Primary cilia play a sensory role and regulate cell signaling γ-tubulin, as our reference marker in these experiments, because it consistently colocalized with the centriole marker, centrin ( Table 1) , indicating that no PCM fragmentation occurred after IR, and because it gave a robust signal with no DNA damageinduced granules or background, 30 allowing unambiguous identification of centrioles. Isolated centrioles were positive for a number of markers that indicated a normal centriole composition and an associated PCM: centrin, 31 centrobin, 32 C-NAP1, 15 γ-tubulin, glutamylated tubulin, 33 NEDD1, 34, 35 pericentrin 36 and rootletin, 14 which all localize to centrosomes in untreated cells ( Fig. 1A and Table 1; Fig. S1 ). NEK2 was entirely absent from centrosomes in irradiated cells ( Fig. S1) , as previously noted. 37 We then examined markers of centriole maturity, cenexin/ ODF2, CEP170 and ninein, which are associated with the appendages on the mother centrioles and, in the case of CEP170 and ninein, with the proximal end of the centrioles. 28, [38] [39] [40] We also tested for kizuna, which is normally associated with mature PCM. 29 ≤ 10% of split centrioles carried kizuna or cenexin, while > 70% of them contained CEP170 and ninein ( Table 1) . Together, these findings indicate that the centrioles that become isolated after IR treatment are structurally intact. Given that CEP170 and ninein can localize to proximal centriole ends, the absence of kizuna and cenexin from the split centrioles suggests that the daughter centriole tends to become isolated after irradiation. To confirm these analyses with centriole-specific markers, we quantitated cenexin and the daughter-associated protein, centrobin, 32 at the split centrioles along with centrin2 and centrin3. In 50 cells examined per experiment, the split centriole showed cenexin staining in 12% of cells and centrobin in 84% (Fig. 1B) . These data provide robust support for the majority of the split centrioles being daughters.
While centriole disengagement, presumably through the activation of separase, is a prerequisite for IR-induced centrosome through the Hedgehog and Wnt pathways. 24, 25 Defects in ciliary functions are involved in a range of human diseases, from polycystic kidney disease to cancer (reviewed in ref. 26 ). The distal ends of mature centrioles carry subdistal and distal appendages, which anchor cytoplasmic microtubules and contribute to primary cilium formation. 12, 13, 27, 28 Furthermore, the PCM associated with the mother centriole differs from that associated with the daughter centriole and is more effective at the anchoring of radial microtubule arrays, so that after centriole disengagement, the daughter is highly mobile in the cytoplasm until S phase. 2 The PLK1 substrate, kizuna (kiz), stabilizes the PCM for its mitotic functions and associates mainly with the mother centriole. 29 Here, we explore whether proteins involved in centrosome tethering are also involved in DNA damage responses of the centrosome. We found that IR-induced centriole splitting is restrained by the centrosome cohesion apparatus. Given the involvement of centrioles in primary ciliogenesis, we also tested how DNA damage might affect this process. We found that the centrosome cohesion proteins C-NAP1 and rootletin positively regulate ciliogenesis, so that DNA damage-induced centriole splitting may contribute to the DNA damage response through the primary cilium.
Results
In this study, we have focused on the behavior of individual centrioles, as distinct from the entire centrosome. We refer to "centriole splitting" as single centrioles becoming separated from the main centrosome cluster by > 2.0 μm and thus becoming "isolated." Centriole splitting precedes G 2 phase centrosome reduplication after IR. 10 To explore the possible consequences of this splitting in terms of centrosome activities, we examined the composition of the centrioles after irradiation. We used the PCM component, hteRt-Rpe1 cells were treated with indicated siRNAs for 24 h then, where indicated, treated with 5 Gy and fixed after 24 h, so that all cells were fixed 48 h after siRNA treatment. Cells were stained for γ-tubulin and the indicated markers. engaged and disengaged centrioles were scored for the presence of the indicated marker. the table shows the % of centrioles that carry the indicated marker. At least 50 cells were counted in each case.
cells in which we saw both a cluster of at least two centrioles and individual centriole(s). As shown in Table 1 , centriolar and centrosomal markers were unaffected in IR-split centrioles after NEK2 or control knockdowns, except for a decline in the number of split centrioles positive for ninein in NEK2-depleted cells. Very few isolated centrioles were seen after kizuna depletion. However, reduplication, the marked spatial separation of individual centrioles that we see after irradiation is not usually seen during interphase. Therefore, we hypothesized that centrosome cohesion proteins, the tethers that remain even after separase causes disengagement, might control centriole splitting after IR. To test this, we used RNAi to knockdown expression of NEK2, C-NAP1, rootletin or kizuna in RPE1 cells ( Fig. 2A) .
We observed no alteration in cell cycle profile as determined by flow cytometry after NEK2, CROCC (rootletin) or PLK1S1 (kizuna) depletion, although we saw an increase in the 2C fraction in the unirradiated CEP250 (C-NAP1)-knockdown population that likely reflects cell cycle progression difficulties in the absence of C-NAP1 17 (Fig. 2B) . All the knockdown populations showed an arrest profile after IR similar to that seen in control cells, indicating that DNA damage responses were intact after RNAi. Knockdown of NEK2 had no significant effect on centriole splitting (Fig. 2C) . However, knockdown of rootletin or C-NAP1 caused marked increases in centriole splitting that were further elevated by IR treatment (Fig. 2C) . Checking the cell cycle distribution of splitting, we found that approximately 10% and 15% of the rootletin-depleted cells at 48 h post-IR showed split centrioles in G 1 phase and G 2 phase, respectively. Kizuna depletion suppressed IR-induced centriole splitting, although the extent of this suppression was at the limit of statistical significance (p = 0.055). These results suggest kizuna as a positive regulator of such splitting. In a control experiment, we found that knockdown of CHK1, a key transducer of the DNA damage response, had only moderate impact on centriole splitting ( Fig. 2A and C) . These data indicate that centrosome tethering by rootletin and C-NAP1, which links disengaged G 1 phase centrioles and keeps duplicated centrosomes together, 14 also opposes the splitting-off of individual centrioles that is facilitated by IR-induced centriole disengagement.
We then examined what happens to levels of these proteins after IR. As shown in Figure 2D , levels of NEK2, CHK1 and kizuna declined, with C-NAP1 and rootletin remaining relatively constant. These data show that RPE1 cells retain cohesion proteins that oppose centriole splitting and lose positive regulators of such splitting after IR. Next, we tested whether centrosome cohesion proteins play a role in the composition of the isolated centrioles. We scored G 2 phase S2). Using the siRNAs featured in this study under the previously published conditions, we saw a reduction of ciliogenesis only with rootletin depletion (Fig. S2) . Importantly, we found that Cep164 depletion reduced ciliogenesis to 17% in a single control experiment (data not shown), so that our data are entirely consistent with those that have been previously published, under those conditions. 28 As we see efficient knockdown of our targets with the previously published siRNAs (Fig. S2) , we conclude that our serum starvation conditions, where we include 0.2% newborn calf serum to alleviate the impact of irradiation and siRNA knockdown, allow detection of the effects of C-NAP1 or rootletin depletion that were not seen in the previous work. Similar technical differences have been discussed, where a decline in ciliogenesis was seen with NEK2 depletion in one study 28 but not another. 43 When we then examined whether cilia form from the disengaged centriole, we found that the majority of the cilia arose at one of the clustered centrioles and not at the disengaged one, irrespective of the status of centrosome cohesion apparatus ( Fig. 4B and C) . These data show that centrosome cohesion proteins, which prevent centriole splitting, also affect the level of primary ciliogenesis.
Discussion
During the normal cell cycle, there exist two molecular linkages between centrioles. One connects a mother centriole to its daughter and is resolved through the action of anaphase-activated separase on cohesin and pericentrin B/ kendrin. 8, 11, 44 This has been described as "centriole engagement" 45 and as an "S-M linker" in a recent review. 4 This review referred to the second linkage as a "G 1 -G 2 tether," as it connects the proximal ends of the parental centrioles from when they begin to serve as mothers until they move apart to establish the mitotic spindle. Tethering involves C-NAP1 and rootletin and is resolved through the localized activation of NEK2 kinase. 14, 16, 46 Despite the proteinaceous nature of tethering, it is not a highly constrained linkage, as live-cell imaging has demonstrated a good deal of inter-centriolar movement within the cytoplasm during interphase. 2 Our analysis sought to test which centriolar linkages were being affected by irradiation. The release of the daughter centriole in the majority of cases suggests that IR leads to centriole disengagement within G 2 centrosomes. This is consistent with centrosome amplification being facilitated during G 2 phase, as we have previously suggested. 47 This is also consistent with DNA damage-induced activation of separase, 48 which would then allow disengagement. Notably, the mother centrioles remain in the C-NAP1 siRNA-treated samples, isolated centrioles were almost entirely devoid of CEP170 and ninein ( Table 1 and Fig. 2E) . A similar, marked reduction in rootletin was described in previous experiments, where C-NAP1 was depleted. 14 A less pronounced phenotype was seen in rootletin-deficient cells, in which fewer split centrioles carried CEP170, but in which ninein was unaffected ( Table 1 ). The isolated centrioles remained devoid of cenexin, and their associated PCM devoid of kizuna under all conditions ( Table 1 ). Neither C-NAP1 nor rootletin depletion had any impact on the localization of kizuna, which was consistently absent from the disengaged centriole. These observations suggest that the disengaged centrioles carry an immature PCM and are thus likely to be daughter centrioles. 29, 41 As these centrioles contained all the other centrosomal markers, and as C-NAP1-depleted cells still showed normal CEP170 and ninein localization in the other associated centrioles, we also conclude that the loss of centrosomal cohesion, in particular, of C-NAP1, affects the proximal region of the daughter centriole(s) that will split.
Given the role of the mother centriole in establishing the basal body, we then asked whether IR might affect ciliogenesis. As shown in Figure 3A and B, we saw slightly increased levels of primary cilium formation in RPE1 cells after irradiation. These cilia were apparently normal in structure, as determined by light and electron microscopy ( Fig. 3B and C) , with clearly visible ciliary pockets at the base of a microtubule structure that emerged from the mother centriole. We occasionally observed multiple cilia after irradiation, often emerging side by side, possibly from a single ciliary pocket, as has been observed recently, where multiple cilia were formed after Plk4 overexpression induced supernumerary centrioles. 42 These multiple cilia only ever grew from mature centrioles, as confirmed by cenexin staining (Fig. 3B) .
Next, we asked how IR-induced centriole splitting impacts on ciliogenesis. As shown in Figure 4A , knockdown of rootletin or C-NAP1 significantly reduced the number of cells that formed a primary cilium, prior to or after irradiation, while NEK2 depletion reduced the number of ciliated cells after IR treatment. Conversely, knockdown of either kizuna or CHK1 led to increased levels of ciliated cells. Overall, these observations suggest that increased centriole splitting reduces ciliogenesis capacity. Previous experiments depleting C-NAP1 and rootletin reported no effect on ciliogenesis. 28 To explore why we obtained different results, we repeated our experiments under the other authors' conditions, which had involved different culture conditions and siRNAs. Using the previously published siRNAs, we found no significant effect of C-NAP1 or rootletin depletion under either our conditions or those of the previous study ( Fig.   Figure 2 (See opposite page) . Centrosome cohesion blocks centriole splitting. (A) Immunoblot analysis of RNAi efficiency. Cells were treated with the indicated siRNAs for 24 h prior to 5 Gy IR, where indicated, so that irradiated and unirradiated cells were subjected to siRNA treatment for up to 72 h in both cases. Actin was used as a loading control. (B) Flow cytometry analysis of cell cycle in siRNA-treated hteRt-Rpe1 cells. Cells were treated as in (A) and fixed at the indicated times. plots show the DNA content of cells visualized using propidium iodide. (C) Quantitation of centriole splitting in siRNA-treated hteRt-Rpe1 cells. Cells were treated as in (A) then stained for centrin2 and γ-tubulin at the timepoints shown. Data points are mean of ± s.e.m of three separate experiments, in which at least 100 cells were counted. ***p ≤ 0.01; **p ≤ 0.05; *p ≤ 0.055, in comparison with irradiated or unirradiated scrambled siRNA controls. (D) Immunoblot analysis of centrosome components after IR. hteRt-Rpe1 cells were harvested at the indicated timepoints after 5 Gy IR and analyzed by immunoblotting using the indicated antibodies. Actin was used as a loading control. (e) Micrograph showing the impact of C-NAp1 depletion on the composition of the split centrioles. Scale bar, 10 μm.
NEK2 depletion has a relatively minor impact on centriole splitting, C-NAP1 or rootletin knockdown greatly increase it. Together, these findings suggest that C-NAP1 and rootletin repress centriole splitting, and that their phosphorylation by NEK2 is not required for it. However, we do not see any increase in the number of mother centrioles that become isolated after C-NAP1 or rootletin depletion. If the daughter centrioles can only split when allowed to do so by centriole disengagement, we propose that the tethering/ cohesion components either regulate disengagement, per se, or the extent to which disengaged centrioles can move apart.
Current models for primary cilium formation identify the mother centriole as the origin of the basal body because of the requirement for fully functional appendages in efficient ciliogenesis. 28, 50 Key early electron microscopy analyses established the migration of centrioles/ basal bodies to the cell surface as a key step in cilium formation. 51, 52 We found that very few cilia arose from the individualized, split centrioles, consistent with these being daughter centrioles. The absence of cenexin from the split centriole would further impede ciliogenesis, as it has been proposed as a rate-limiting determinant of cilium formation. 53 Another possibility is that the ability to act as a basal body requires a mature PCM. 54 However, despite the increased level of centriole splitting caused by irradiation, irradiated cells were fully capable of ciliogenesis, suggesting that the isolation of daughter centrioles does not impact on ciliogenesis.
tethered after IR, with C-NAP1 and rootletin levels being unaffected. DNA damage has previously been shown to block G 2 phase centrosome separation by inhibiting NEK2, thus blocking the phosphorylation of C-NAP1 and rootletin. 21, 49 While of Cep170 and ninein localization. NEK2 is no longer recruited to the proximal end of centrioles upon C-NAP1 depletion, 43 demonstrating that the loss of C-NAP1 has a marked effect on centriole composition. NEK2 loss also impacts on the ciliation capacity of the mother centriole, 43 although its loss after irradiation did not diminish ciliation capacity in our experiments. Interestingly, the ALMS1 protein, whose depletion leads to a reduction of C-NAP1 levels at the proximal end of the centriole, is required for the formation and maintenance of the primary However, C-NAP1 or rootletin depletion caused elevated centriole splitting, which was consistently accompanied by reduced levels of ciliogenesis. NEK2 knockdown also impaired ciliogenesis. To resolve the apparent discrepancy between the lack of effect of centriole splitting on ciliogenesis after irradiation and the reduced ciliogenesis seen when splitting is increased by depletion of centrosome tethering proteins, it is worth noting that the composition of the centriole that disengages and splits after IR depends on C-NAP1 and, to a lesser extent, rootletin, in terms γ-tubulin GTU88 (Sigma-Aldrich, 1:500), glutamylated-tubulin (a gift from C. Janke, 1:500), acetylated tubulin, T6793 (Sigma-Aldrich, 1:2000) and C-NAP1 and NEK2 (both BD Transduction Laboratories, 1:250). Polyclonal antibodies were used against CEP170 38 (a gift from G. Guarguaglini, 1:1000), CEP164 (NBP1-77006, Novus Biologicals), Centrin-2 (N-17; Santa Cruz, 1:500), γ-tubulin (T3559; Sigma, 1:1000), Kizuna; 29 Electron microscopy. hTERT-RPE1 cells were grown on 10 cm dishes and serum starved or irradiated as described. Before fixation, they were washed in PBS and then scraped into Eppendorf tubes before being pelleted at 250 g for 5 min. They were then processed for transmission EM (TEM) as described. 57 Cells were fixed in 2% glutaraldehyde/2% PFA in 0.1 M cacodylate buffer, pH 7.2, then post-fixed in a solution of 2% osmium tetroxide/0.1 M cacodylate buffer. Cell pellets were then dehydrated through a graded series of ethanol (30, 60, 90 and 100%) before propylene oxide was added to the pellet. Next, cell pellets were embedded in Agar Low Viscosity Resin and sections cut using a Reichert-Jung Ultracut E microtome (Leica). Cells were stained with uranyl acetate and lead citrate and then viewed on an electron microscope (H-7000; Hitachi). Images were taken with an ORCA-HRL camera (Hamamatsu Photonics) and processed using AMT version 6 (AMT Imaging).
Statistical analysis. Statistical analyses were performed with Prism v5.0 (GraphPad).
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